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Summary 
 
Bacillus subtilis gene yshC encodes a 64 kDa family X DNA polymerase (PolXBs), 
which contains all the critical residues involved in DNA and nucleotide binding, as well 
as those responsible for catalysis of DNA polymerization, conserved in most family X 
members. Biochemical analyses of the purified enzyme indicate that PolXBs is a 
monomeric and strictly template-directed DNA polymerase, preferentially acting on 
DNA structures containing gaps from one to few nucleotides and bearing a phosphate 
group at the 5´ end of the downstream DNA. The fact that PolXBs is able to conduct 
filling of a single nucleotide gap, allowing further sealing of the resulting nick by a 
DNA ligase points to a putative role in base excision repair during the B. subtilis life 
cycle. 
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DNA is continuously insulted by a wide range of damaging agents, as 
environmental chemicals, ionizing radiation, UV-light and reactive by-products of 
normal cellular metabolism1. Both, permanence of the DNA lesions, and inaccurate 
repair of DNA damages have deleterious effects, as they can block transcription and 
replication processes that could result in mutations, altered gene expression, 
chromosome breakage and cellular death. To counteract the consequences of genomic 
damages, a tangled set of genome surveillance mechanisms has arisen.  
Among the many enzymatic activities that participate in the DNA repair 
pathways, members of the family X of DNA polymerases (hereafter PolX) stand out. 
These enzymes are widely spread in nature, having been identified in bacteria, archaea, 
protozoa and viruses. In general, these enzymes are relatively small, monomeric, 
catalyze, in a relatively inaccurate manner, the insertion of few nucleotides, and lack an 
intrinsic proofreading activity2. Their architecture enables them to play a primary role in 
filling the gapped DNA intermediates of one to few nucleotides arisen during Base 
Excision Repair (BER) of damaged bases and Non-Homologous End Joining (NHEJ) of 
Double Stranded Breaks (DSB). Several members of this DNA polymerase family have 
also been involved in the physiological V(D)J recombination, a process that confers 
heterogeneity to the immunoglobulin genes by means of the break, rearrangement and 
further rejoining of the V, D and J regions2-7.Their way of action, as well as their 
preference for gapped/nicked DNA substrates relies upon the presence of a common 
Polβ-like core8. The N-terminal 8-kDa domain of the Polβ-like core specifically 
recognizes the downstream 5´-phosphate group of the gap, allowing the correct 
positioning of the enzyme on the gapped or nicked structure9-11. The C-terminal 
polymerization domain of the Polβ-like core contains the fingers, palm and thumb 
subdomains, universally present in DNA-dependent DNA polymerases, and responsible 
for the binding and further elongation of the 3´ terminus of the upstream primer strand8. 
The only known exception to this structural generality is the African Swine Fever Virus 
(ASFV) PolX, which lacks the 8-kDa domain and the fingers subdomain12. 
In addition to the above mentioned minimal core, mammalian Polλ, Polµ, terminal 
deoxyribonucleotide transferase (TdT) and yeast Pol4 have a BRCA1 C-terminal 
(BRCT) domain, involved in protein-protein interactions with other factors required 
during NHEJ and V(D)J recombination 2-7. 
Several eukaryotic family X DNA polymerases, as Polµ, Polλ and TdT, have been 
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shown to be endowed with the ability to incorporate dNMP in the absence of a template 
strand, the so-called terminal transferase activity 13-15 that allow them to increase the 
sequence variability during V(D)J recombination by generating the N-regions of 
random sequence.  
Family X members have been also identified in Bacteria and Archaea16. They are 
structurally organized in two differentiated domains, the universal Polβ-like core and a 
C-terminal PHP domain which contains residues responsible for a 3´-5´ exonuclease 
activity likely involved in resecting unannealed 3´  termini during DNA repair17.  
 
Structural features of Polβ-like core of bacterial/archaeal family X DNA polymerases 
Previous PSI-BLAST searches suggested the presence of putative members of 
the family X of DNA polymerases in several prokaryotic species, predominantly in the 
Thermus/Deinococcus group, in low GC Gram+ bacteria, as well as in several members 
of the Archaea genus16. Multiple sequence alignments of such putative DNA 
polymerases with other well characterized members of the same family, as human Polβ, 
allowed to predict the presence of the structurally conserved Polβ-like core8,16 formed 
by four subdomains: the so-called 8-kDa domain (green in Figure 1), and the fingers, 
palm and thumb subdomains (yellow, red and purple, respectively, in Figure 1). The N-
terminal 8-kDa domain of Polβ has a general role in positioning correctly the enzyme 
on a gapped DNA, an intermediate substrate during repair processes, by interacting, on 
the one hand with the backbone of the downstream DNA of the gap through a helix-
hairpin-helix (HhH) motif18-21, also present in bacterial/archaeal PolX (Figure 1), and, 
on the other hand, with the 5´-phosphate moiety on the downstream end through the 
Polβ Lys352,9-11, highly conserved also among the bacterial/archaeal members (Figure 
1). These facts allow us to envisage a similar binding role for the bacterial/archaeal 
members. In addition, the 8-kDa domain of Polβ and Polλ possesses an intrinsic 5´-
deoxyribose 5´-phosphate (dRP) lyase activity responsible for the release of the 5´-dRP 
moiety generated during base excision repair (BER)2,22-24. These polymerases have a 
specific lysine residue, Polβ Lys7210 and Polλ Lys31223, that is thought to be the 
catalytic nucleophile that forms a Schiff base with the substrate, facilitating the  β-
elimination of the downstream dRP 5´-end25-27. Interestingly, those Pol X members 
endowed with a dRP lyase activity carry, in addition to the above mentioned lysine, a 
conserved tyrosine residue at their 8 kDa domain (Polβ Tyr 39, Polλ Tyr 279, Crithidia 
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fasciculata PolX Tyr38, yeast Pol IV Tyr 214)2,23,28-30 suggested to promote proton 
transfer to the aldehyde upon attack of the catalytic lysine residue31. In support of this 
suggestion, the corresponding tyrosine residue is substituted by a phenylalanine in the 
family X members known to lack this activity (i.e., Pol µ and TdT)32, the aromatic 
group of this residue being involved in DNA binding. As it can be observed in Figure 1, 
bacterial/archaeal PolX containing the homologous lysine described above also possess 
the corresponding tyrosine, allowing us to predict the presence of a putative dRP lyase 
activity for them. Conversely, the absence of the corresponding lysine in other bacterial 
members, as B.subtilis DNA pol X (hereafter referred to as PolXBs), suggested the lack 
of such an activity, as in the case of eukaryotic Polµ and TdT. 
Following the 8-kDa domain, bacterial/archaeal PolX also possess a well 
delimited finger subdomain (coloured in yellow in Figure 1) that interacts, through a 
second HhH motif universally present in this family, with the sugar-phosphate 
backbone of the upstream primer strand of a gapped DNA to stabilize it at the 
polymerization active site19-21. In addition, bacterial/archaeal members also contain a 
third putative HhH motif 16 whose function remains to be determined.  
The next subdomain corresponds to the palm that contains three absolutely 
conserved aspartates (190, 192 and 256 in Polβ; 193, 195 and 240 in PolXBs) that 
coordinate two divalent metal cations, assisting the nucleotidyl transfer reaction. 
Bacterial/archaeal members also contain a conserved arginine residue homolog to the 
Polβ Arg258 (Arg242 in PolXBs) that, in the open conformation, forms a salt bridge 
with the second aspartate of the catalytic triad.  
The thumb subdomain of bacterial/archaeal PolX contains the highly conserved 
residues corresponding to the Polβ Phe272 (PolXBs Phe256), that disrupts the salt bridge 
between Asp192 and Arg258, allowing Asp192 to ligate the nucleotide binding metal 
ion, promoting both, substrate binding and catalysis19, as well as those homologs to 
Polβ Thr273 and Glu316 (PolXBs Thr257 and Glu296) which contact the evolutionarily 
conserved palm residues Gly179, Arg182 and Arg183 (PolXBs Gly182, Arg185 and 
Arg186). Additionally, bacterial/archaeal PolX also contain a moderately conserved 
residue corresponding to Polβ Asn279 that hydrogen bonds in the DNA minor groove 
with the incoming nucleotide22, as well as an invariant residue homolog to Polβ Arg283 
(PolXBs Arg267) that contacts the minor groove edge of the templating residue, and 
proposed to play a role in checking for the correct nascent base pair conformation, as 
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suggested for Polλ11,19,22,29. 
To get further insights into the polymerization properties of bacterial family X 
DNA polymerases, we have characterized here the putative Pol X from B. subtilis 
(PolXBs).  
 
B. subtilis yshC gene codes for a family X DNA polymerase 
The complete genome sequence of the Gram-positive bacterium B. subtilis 
showed an ORF called yshC33, located at position 250º, which would code for a 570 
amino acids protein whose 317 N-terminal amino acids show 24% amino acid identity 
to the human Polβ (Figure 1). We cloned the B. subtilis yshC gene into the expression 
plasmid pET28(a)+ which carries an N-terminal His-Tag followed by the thrombin 
target to get plasmid pET28-PolXBs. As shown in Figure 2A, upon IPTG induction of 
Escherichia coli BL21(DE3) cells transformed with plasmid pET28-PolXBs, a new 
polypeptide was observed migrating at the expected position for PolXBs (~64 kDa). This 
protein was further purified to homogeneity and, once eluted from the last Ni-NTA 
column (Figure 2A, lane Ni2+), it was digested with thrombin to remove its N-terminal 
His-tag (Figure 2A, lane +Thr).  
To ensure the proper assignment of a potential DNA polymerase activity to 
PolXBs, we firstly carried out an in situ gel assay. This methodology, that detects DNA 
polymerase activity after SDS-gel electrophoresis and further renaturation in situ, takes 
advantage of the high resolution of the SDS-PAGE to separate the different polymerase 
species. Conversely, the activity strongly depends on the intrinsic renaturation capacity, 
and on the activity of monomeric DNA polymerases. As shown in Figure 2A, in 
addition to the radioactive band corresponding to E. coli Pol I and to minor proteolytic 
derivatives, a polymerization band corresponding with the electrophoretic mobility of 
PolXBs was exclusively observed in the induced E. coli extracts (+IPTG). In addition, 
the purified PolXBs gave a polymerization signal at its expected molecular weight 
position, confirming that the overproduced 64 kDa PolXBs has an intrinsic DNA 
polymerase activity. Furthermore, a PolXBs mutant harbouring a double substitution to 
alanine of the predicted catalytic residues Asp193 and Asp195, expressed and purified 
under the conditions described for the wild-type protein did not give polymerization 
activity (not shown). As a further purification step, PolXBs was sedimented through a 
glycerol gradient, and the collected fractions were individually assayed for DNA 
polymerase activity on activated DNA. As shown in Figure 2B, the single activity peak 
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observed coincided with the protein peak, identified by Coomassie Blue staining after 
SDS-PAGE analysis of each gradient fraction. All the above results allowed us to assign 
unambiguously the DNA polymerization activity to PolXBs excluding the presence of a 
contaminant DNA polymerase from E. coli. Fractions 11-14 from the glycerol gradient 
were pooled for further in vitro analysis of PolXBs.  
 
Requirements for the DNA polymerase of PolXBs 
Table I summarizes some of the requirements for the DNA polymerase activity 
of PolXBs, assayed on activated DNA as template. As expected, addition of exogenous 
DNA was essential. As in the rest of DNA polymerases, polymerization activity of 
PolXBs was dependent on the activation by divalent metal ions, such as Mg2+ (8 mM 
optimal concentration) or Mn2+ (1 mM optimal concentration). The presence of Mn2+ 
ions as metal activator caused a ~7-fold stimulation of PolXBs polymerization activity, 
as it has been shown to occur in other family X DNA polymerase members16,34-37. 
Additionally, the inhibition of the polymerization activity in the presence of ddNTPs is 
in agreement with a poor discrimination of the 3´-OH group of the incoming nucleotide, 
this fact being a general catalytic feature of this family of DNA polymerases12,36,38. 
In the presence of a template/primer (T/P) structure, PolXBs catalyzes the 5´-3´ 
extension of the primer molecule (see Figure 3, left panel), indicating that PolXBs is a 
template-directed enzyme. As it is also observed, PolXBs required long reaction times to 
give rise to a variety of elongation intermediates, showing a pattern characteristic of 
distributive DNA polymerases. As expected for a polymerase belonging to family X, 
the 5 nt gap resulting by the presence of a downstream DNA strand, remarkably 
increased the polymerization activity of PolXBs (Figure 3, middle panel) Thus, after 
insertion of the first nucleotide, the gap was filled to completion rendering few 
intermediate products, and synthesis was limited to the five nucleotides of the gap. The 
faster repair of the Gap-5´/P substrate (Figure 3, right panel) suggests that recognition 
of the 5´-phosphate increases the catalytic efficiency of PolXBs, most probably by 
conferring a higher binding stability. The blockage in the +1 position has been observed 
to be independent of the template sequence (not shown). As PolXBs shows a processive 
DNA polymerization pattern after insertion of the first nucleotide to resume gap-filling, 
the +1 blockage could be pointing to shorter gaps as the preferred substrates of PolXBs, 
in order to allow the simultaneous and proper binding of both 3´ and 5´ ends.  
Several eukaryotic family X DNA polymerases, as Polµ, Polλ and TdT, have 
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been shown to be endowed with the ability to incorporate dNMP in the absence of a 
template strand, the so-called terminal transferase activity 13-15. Recent structural data 
have shown that such an activity is largely dependent on a histidine residue, preceding 
the first catalytic aspartate, and specifically conserved in those DNA polymerases39. The 
absence of a homologous residue in bacterial/archaeal PolX (see Figure 1) would 
anticipate the lack of terminal transferase activity in this group of DNA polymerases. In 
agreement with this hypothesis, PolXBs did not render any polymerization product on 
either a single-stranded or blunt double-stranded DNA (not shown). All the above 
results indicate that PolXBs is strictly a template-dependent enzyme. 
Once stated that PolXBs is a DNA-dependent DNA polymerase, we analyzed the 
ability of PolXBs to select among the four deoxynucleotides (base discrimination) to 
catalyze faithful DNA synthesis. Thus, incorporation of each of the four dNTPs was 
assayed individually on the four template/primer structures depicted in Figure 4A, 
covering the 16 possible template-substrate nucleotide pairs (4 matched + 12 
mismatched). As shown in Figure 4A, PolXBs extended the primer strand exclusively in 
the presence of the complementary (correct) nucleotide, in spite of using an excess of 
each of the three non-complementary (incorrect) deoxynucleotides, PolXBs performing 
DNA synthesis following the Watson-Crick base pairing rules. 
As described in preceding sections, PolXBs 8 kDa domain lacks the lysine and 
tyrosine residues responsible for the dRP lyase activity in other PolX members, as Polβ, 
Polλ, C. fasciculata PolX and yeast Pol IV2,23,28-30. Thus, to test the hypothesis of the 
absence of such an activity in PolXBs, we analyzed its ability to remove a dRP group 
from a 3´-end-labelled dRP-containing substrate. As shown in Figure 4B, Polλ removed 
the 5´-dRP moiety from this substrate, as detected by the reduction in size of the 
labelled substrates. By the contrary, PolXBs lacked a detectable dRP lyase activity, as 
predicted from the alignment shown in Figure 1. 
 
Repair of a single nucleotide gap 
Considering the preference showed by PolXBs for a gapped DNA substrate, its 
ability to catalyze the minimal gap filling reaction on a one-nucleotide gap was 
analyzed. As shown in Figure 5, in the presence of the complementary dATP, PolXBs 
filled the single nucleotide gap, giving rise to a labelled 16-mer as the main product 
(Figure 5, lane 2). PolXBs showed high catalytic efficiency on this type of substrate, the 
apparent Km for dATP being lower (0.5 µM) than that obtained when acting on the 
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non-physiological primer/template structure (9 µM). As it occurs during polymerization 
on a template-primer structure, PolXBs showed no discrimination against the dideoxy 
form of the complementary substrate (ddATP) in this minimal gap-filling reaction 
(Figure 5, lane 3; see also Table I). In the presence of T4 DNA ligase, the 16-mer 
product was ligated to the downstream 5´-P oligonucleotide (13-mer), yielding a 29-mer 
final (repaired) product (lane 5), indicating that once the gap is filled, PolXBs does not 
interfere with the further ligation step. As a control, lane 4 shows that PolXBs is a strict 
requirement for this repair reaction. As expected, the lack of an OH- group at the 3´-end 
of the ddAMP-extended 16-mer product precluded its ligation to the downstream 
oligonucleotide (lane 6). 
The results obtained imply an intrinsic ability of PolXBs to accommodate itself to 
gaps from one to few nucleotides, intermediates that arise during DNA repair processes. 
This fact, together with the properties described above exhibited by PolXBs, suggests its 
involvement in repair of DNA damages.  
As it has been shown in this work, PolXBs has the basic enzymatic features of 
family X DNA polymerases: strict dependence on the presence of a template strand to 
direct DNA synthesis; a distributive polymerization pattern when acting on 
primer/template DNA structures; preference in the use of gapped DNA structures 
harbouring a downstream 5´-P group to perform efficient DNA synthesis, with a 
primary role in filling gaps of one to few nucleotides; it inserts preferentially the 
complementary dNMP, and it shows low discrimination against ddNTPs.  
Family X DNA polymerases are relatively inaccurate enzymes involved in a number 
of DNA processes2 lacking an intrinsic proofreading activity. Considering that the 
number of DNA damages that should be repaired by these enzymes per cell per day 
exceeds the rate of their erroneous nucleotide insertions, DNA editing functions acting 
in trans are required to compensate for error-prone synthesis during DNA repair. In this 
sense, several mammalian 3´-5´ exonucleases, as DNase III, TREX1, p53 and APE1 
have been shown to play an editing function for DNA polymerase β in reconstituted 
BER systems40-44. Blasius et al. have shown the presence of an endogenous Mn2+-
dependent structure-modulated exonuclease activity in the Polβ-like core of the DNA 
polymerase X from the bacterium D. radiodurans45. Recent results have shown the 
presence of an intrinsic 3´-5´ exonuclease activity in PolXBs that acts unidirectionally at 
the 3´ end releasing dNMPs, is physically associated to DNA polymerase, and shows a 
preferential degradation of mismatched 3´ termini that allows PolXBs to edit unannealed 
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termini17. Conversely, in this case the catalytic residues responsible for such an activity 
are located in the C-terminal PHP domain of the polymerase. However, and in spite of 
meeting the main biochemical criteria satisfied by proofreading 3´-5´ exonucleases, the 
3´-5´ exonuclease activity of PolXBs does not prevent the fixation of polymerization 
errors made by PolXBs, its role most probably being restricted to the resection of 
unannealed 3´  termini. 
BER is a five-step pathway of enzymatic reactions mainly responsible for repairing 
DNA damage produced by oxidation, alkylation, deamination or hydroxylation of DNA 
bases46. Very briefly, it consists in: hydrolytic cleavage of altered base-sugar bonds by 
mono- and/or bi-functional DNA N-glycosylases47, 5´-incision at abasic sites by an 
apurinic/apyrimidinic (AP) endonuclease, removal of the 5´-terminal base-free 
deoxyribose phosphate or 3´ blocking groups, short gap filling by a specific DNA 
polymerase, and final nick sealing by a DNA ligase. Several family X DNA 
polymerases have been involved in the filling-in step of BER, as mammalian polβ24,48 
and polλ23,36,49, yeast Pol450,51, as well as the ASFV PolX12. In bacteria as E.coli, which 
lacks a family X DNA polymerase, the gap-filling step has been attributed to DNA 
polymerase I52,53. Although the corresponding B. subtilis DNA polymerase I has been 
involved in the gap-filling step during DNA repair processes54, allowing to propose an 
hypothetical participation in the last steps of BER53, the biochemical properties 
displayed by PolXBs enable it to play an active role in this repair pathway, as it is 
specifically active in gapped structures. An additional, although indirect, argument that 
would favour a role of PolXBs in BER is the fact that the B.subtilis yshC gene precedes 
to the ORF called yshD, both genes forming part of the same operon33. yshD is a 
paralogue of MutS, its product belonging to the MutS2 protein family55. The functional 
study of the yshD gene revealed that it is constitutively transcribed during the life cycle 
of B.subtilis, remaining at appreciated levels until very late in stationary phase56. 
Fluctuation tests with yshD knock-out mutants showed an increase in the GC-TA 
transversion, typical from non-repaired oxidative damage56, suggesting a role in BER 
for the yshD protein, as this is the main pathway responsible for repairing oxidative 
damaged bases. Nevertheless, further studies using B. subtillis cells lacking the 
corresponding PolX gene are required to demonstrate its participation in repair 
processes in vivo and its relevance for bacterial life cycle. 
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Legends to Figures 
 
Figure 1. Multiple amino acid sequence alignment of the Polβ-like core of 
bacterial/archaeal family X DNA polymerases. Numbers between slashes indicate the 
amino acid position relative to the N-terminus of each DNA polymerase. Because of the 
large number of sequences, only selected representatives from the Eubacteria and 
Archea genus are aligned among them and with respect to the human DNA polymerase 
β57 (Hpol β), the canonical PolX. Names of organisms are abbreviated as follows: Bsub, 
Bacillus subtilis (GenBank accession number NP_390737); Lmon, Lysteria 
monocytogenes (GenBank accession number YP_013839); Ssap, Staphylococcus 
saprolyticus (GenBank accession number YP_301742); Saur, Staphilococcus aureus 
(GenBank accession number YP_001246578); Dred, Desulfotomaculum reducens 
(GenBank accession number YP_001112987); Aaeo, Aquifex aeolicus (GenBank 
accession number NP_213981); Tthe, Thermus thermophilus (GenBank accession 
number YP_144416); Tden, Thiobacillus denitrificans (GenBank accession number 
AAZ97399); Mmaz, Methanosarcina mazei (GenBank accession number NP_633918); 
Faci, Ferroplasma acidarmanus (GenBank accession number ZP_01709777); Mthe, 
Methanothermobacter thermautotrophicus (GenBank accession number NP_275693), 
Drad, Deinococcus radiodurans (GenBank accession number NP_294190); Tvol, 
Thermoplasma volcanium (GenBank accession number NP_111375); Taqu, Thermus 
aquaticus (GenBank accession number BAA13425). According to Hpolβ structural 
data11,21, the alignment is divided in four subdomains: 8-kDa (green area), fingers 
(yellow area), palm (red area) and thumb (pink area). Conserved residues are indicated 
with blue (50%-80% of the aligned polymerases) and red (≥ 90% of the sequences) 
letters. The 27 residues that are invariant among DNA polymerase members12 are 
specified with an asterisk. The two universal HhH motifs present in the 8-kDa and 
fingers subdomains, as well as the one specifically present in the fingers subdomain of 
bacterial/archaeal members are indicated. Alignment was made by using the Mutalin 
tool (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html) and further 
adjusted by hand. Percentages indicate the amino acid identity of the aligned putative 
bacterial family X DNA polymerases respect to that from B. subtilis. 
 
Figure 2. (A) Expression of PolXBs and in situ analysis of DNA polymerase activity.  
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The open reading frame containing the putative DNA polymerase X gene yshC from B. 
subtilis33 was cloned into the pET-28a(+) bacterial expression vector from Novagen, 
which carries an N-terminal His-Tag/thrombin configuration to express recombinant 
proteins as fusions with an N-terminal hexahistidyl for purification on Ni+2-affinity 
resins. The yshC gene was efficiently expressed into E. coli strain BL21(DE3) in the 
presence of IPTG (left pannel, lane +IPTG; an arrow shows the expected position for 
protein PolXBs (64 kDa)). The recombinant PolXBs was purified by chromatography on 
phosphocellulose and Ni-NTA (QIAgen) columns (left pannel, lane Ni2+) and further 
digested with Thrombin (Novagen Thrombin cleavage capture kit) to remove the N-
terminal His-Tag (left pannel, lane +Thr). Final PolXBs purity was estimated to be >95 
% by SDS–PAGE followed by Coomassie blue staining. Right panel, in situ gel 
analysis of DNA polymerase activity of PolXBs. The assay was carried out essentially as 
described58. The samples containing 500 ng of the purified PolXBs were electrophoresed 
in 12 % SDS-PAGE gels containing 1.5 mg/ml activated calf thymus DNA (Pharmacia 
Biotech Inc.) as template-primer, followed by in situ renaturation of proteins and 
incubation of the gel in a DNA polymerase assay mixture. Prior to renaturation, the gel 
was washed twice with 50 mM Tris-HCl, pH 7.5, for 15 min at 4 °C. Renaturation was 
allowed to occur during 3 h at 4 °C in buffer C (50 mM Tris-HCl, pH 7.5, 1 mM MnCl2 
40 mM KCl, 16 % glycerol, 0.01 mM EDTA, 1 mM DTT, and 400 µg/ml BSA). In situ 
polymerization was assayed with buffer D (buffer C plus 2 mM each dNTP and 1.2 nM 
[α-32P]dATP) for 12 h at 30 °C. After washing unincorporated [α-32P]dATP from the 
gel, and in situ precipitation of the DNA with a buffer containing 5% trichloroacetic 
acid and 1% sodium pyrophosphate, the gel was dried and the activity bands 
(radioactively labelled) were detected by autoradiography. The DNA polymerase 
activity bands corresponding to the electrophoretic migration of protein PolXBs and to 
the endogenous Pol I are indicated. (B) Cosedimentation of PolXBs activity with a 64 
kDa polypeptide. The recombinant PolXBs protein, eluted from the Ni-NTA column 
and further digested with thrombin, was loaded onto a 5-ml glycerol gradient (15–30%) 
containing 50 mM Tris-HCl, pH 7.5, 20 mM ammonium sulphate, 180 mM NaCl, 1 
mM EDTA, and 7 mM β-mercaptoethanol, and centrifuged at 62000 rpm (Beckman 
SW.50 rotor) for 26 h, at 4 °C. After centrifugation, 20 fractions were collected from 
the bottom of the tube, and tested for DNA polymerase activity on activated DNA. The 
incubation mixture contained, in 25 µl, 50 mM Tris-HCl, pH 7.5, 8 mM MgCl2, 1 mM 
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DTT, 4 % glycerol, 0.1 mg/ml BSA, 100 nM [α-32P]dATP and 100 nM of the other 
three dNTPs, 1.5 µg of activated calf thymus DNA as a substrate, and 2 µl of each of 
the PolXBs containing fractions from the glycerol gradient. After incubation for 10 min 
at 30 °C, the reaction was stopped by adding 10 mM EDTA, 0.1 % SDS, and the 
samples were filtered through Sephadex G-50 spin columns in the presence of 0.1 % 
SDS. The excluded volume, corresponding to the labelled DNA, was counted 
(Cerenkov radiation). Polymerization activity was calculated as the amount of 
incorporated dNMP. The inset shows a SDS-PAGE analysis followed by Coomassie 
Blue staining of gradient fractions 9–20. DNA polymerase activity present in each 
fraction is indicated as dNMP incorporation (fmol; full circles). 
 
Figure 3. Preferential use of gapped DNA substrates by PolXBs. The different 
molecules used in the analysis: T/P, template-primer; Gap-5´/OH, 5 nucleotides gap; 
and Gap-5´/P, 5 nucleotides gap bearing a 5´-phosphate group are depicted on top of the 
figure. The incubation mixture contained, in 12.5 µl, 50 mM Tris-HCl, pH 7.5, 8 mM 
MgCl2, 1 mM DTT, 4% glycerol, 0.1 mg/ml BSA, 100 µM the four dNTPs, 1.5 nM of 
the DNA molecule indicated in each case, and the indicated concentration of PolXBs. 
After incubation for the specified times at 30 °C, the reactions were stopped by adding 
EDTA up to 10 mM. Samples were analyzed by 8 M urea, 20% PAGE and 
autoradiography. 
 
Figure 4. (A) PolXBs preferentially incorporates complementary nucleotides. The 
four different template-primer structures used, differing in the first templating base are 
depicted at the right. The incubation mixture contained, in 12.5 µl, 50 mM Tris-HCl, pH 
7.5, 8 mM MgCl2, 1 mM DTT, 4% glycerol, 0.1 mg/ml BSA, 1.5 nM of the hybrid 
structure indicated in each case, 125 nM of PolXBs and different concentrations of either 
the correct dNTP (10 µM) or each of the three wrong dNTPs (100 µM). After 
incubation for the different times at 30 °C, the reactions were stopped by adding EDTA 
up to 10 mM. Samples were analyzed by 8 M urea, 20% PAGE and autoradiography. 
(B) PolXBs is not endowed with a detectable dRP lyase activity. A 34-mer 
oligonucleotide containing uracil at position 16 (5´-
CTGCAGCTGATGCGUGTACGGATCCCCGGGTAC) was labelled at the 3´ end by 
TdT using [α 32P]cordycepine 5´-triphosphate and annealed to its complementary 
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oligonucleotide (5´-TGTACCCGGGGATCCGTACGGCGCATCAGCTGCAG). This 
labeled doubled-stranded substrate (18 nM) was treated with 2 units of E. coli UDG 
(New England Biolabs) for 10 minutes at 37 ºC in 40 µl of buffer containing 50 mM 
Hepes, pH 7.5, 20 mM KCl and 2 mM DTT to remove the uracil. After incubation, the 
mixture was supplemented with 8 mM MgCl2, and 10 units of hAPE1 (New England 
Biolabs), thus generating the substrate for dRP lyase activity. 5.75 nM of the labeled 
substrate was incubated with 125 nM of either Polλ or PolXBs in a buffer containing 50 
mM Hepes, pH 7.5, 8 mM MgCl2, 20 mM KCl and 2 mM DTT. After incubation for 20 
minutes at 37 ºC, the reaction was stopped by adding 340 nM NaBH4 and kept on ice 
for 20 minutes. DNA products were ethanol-precipitated in the presence of 0.1 µg/ml of 
tRNA and resuspended in water. Samples were analyze by 8 M urea, 20% PAGE and 
autorradiography. 
 
Figure 5. Repairing a single-nucleotide gap with PolXBs. The 1-nucleotide gapped 
DNA molecule used as substrate is shown on top of the figure. The incubation mixture 
contained, in 12.5 µl, 50 mM Tris-HCl, pH 7.5, 8 mM MgCl2, 1 mM DTT, 4% glycerol, 
0.1 mg/ml BSA, 1.5 nM of the gapped molecule, 125 nM of PolXBs, and 1 µM of the 
complementary dATP (dA) or ddATP (ddA). When indicated, T4 DNA ligase (1 unit) 
was simultaneously added with PolXBs to seal the repaired DNA gap. After incubation 
for 8 min (without ligase) or 12 min (with ligase) at 30 °C, reactions were stopped by 
adding 10 mM EDTA. The primer-extended products corresponding either to the 
filling-in reaction or to the complete repair reaction (filling-in + ligation) were analyzed 
by electrophoresis in 8 M urea, 20% polyacrylamide gels and autoradiography.  
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Fraction number
PolXBs
 B
-Ind.   +IPTG             Ni2+   +Thr -Ind.   +IPTG               Ni2+ +Thr
PolXBs
Pol I
66-
116-
31-
45-
92-
kDa
 A
staining                                    in situ
c      2       4       8     16      32        0.25    0.5      1        2           0.25    0.5      1        2        time, min
15mer
20mer
T/P
15 15      20
Gap-5´/OH Gap-5´/P
 250                                            125                                       125                     PolXBs, nM      
15       20
dA    dT  dC  dG
*5´
3´
*5´
3´
*5´
3´
*5´
3´
Template/primer
 10    100  100   100
 100   10    100  100
 100  100   10   100
100  100   100    10
[dNTP], µM
[dNTP], µM
[dNTP], µM
[dNTP], µM
hAPE1       +     +     +
PolX                     Polλ  PolXBs
35mer-
19mer+5´-dRP-
BA
TTATCT
ATATCT
GTATCT
CTATCT
15-mer
16-mer
29-mer
PolXBs
Nucleotide
Ligase +
+ +
dA      ddA
+ +
+ +
dA       dA        ddA
P
CTAGTGTCACTCATG
GATCACAGTGAGTAC
TTGCTGCCGGTCA
AACGACGGCCAGT
T3´
3´
5´
*5´
15 29
1            2            3             4            5            6lane
Reaction components
(added or omitted) 
DNA polymerase activity
(%)
100
0.5
0.5
692
23
10
None
  DNA
  MgCl2 
  MgCl2 + MnCl2 (1mM)
+ 4 ddNTPs (10:1)
+ 4 ddNTPs (100:1)
Table I. DNA polymerization on activated DNA
DNA polymerization activity was assayed on activated DNA, in the presence of
100 nM dNTPs, 125 nM of PolXBs, and 8 mM (optimum concentration) MgCl2,as
described in Materials and Methods. Individual components were either added
or omitted as indicated, 1 mM being the optimum MnCl2 concentration. The ratio
of ddNTPs to dNTPs is indicated in parentheses. 100% of DNA polymerase
activity represents the incorporation of 54 fmol of dNMPs.
